Abstract.Solid-state welding takes place during the extrusion of hollow shapes and tubes made from selected metals such as aluminum and magnesium and their alloys. DEFORM TM is one of the most frequently used FEM software packages to analyze the metal flow in deformation processes. However, it has some limitations while applied to study the extrusion welding. The 2D and 3D versions of DEFORM TM cannot determine if extrusion welding takes place in a port-hole die. This limitation is a result of a lack of ability to transfer the localized deformation conditions to a judgment about a good or poor weld. In this work, a new modeling method has been proposed to obtain the localized information at the extrusion welding seam. A so-called pressure plate was virtually inserted in the position of the extrusion welding seam, which plays a role of a sensor and has recorded all the information at the given seam during the entire extrusion process. Analytical methods have been utilized to study the data collected from this sensor to evaluate the probability of the formation of the sound extrusion welding seam. The generated results have been used to verify Plata & Piwnik extrusion welding criterion and can be implemented into existing extrusion models to achieve better prediction of weld integrity.
Introduction
Extrusion welding criterion. Extrusion welding takes place during manufacturing of tubes and hollow shapes made of mainly aluminum and magnesium alloys [1, 2. 3] . In the process the surfaces of metal streams divided by a porthole die are brought into direct contact at elevated temperature and under pressure.
The goal of this study is to develop a numerical model for extrusion welding of Magnesium alloy (AZ31) in DEFORM TM 2D and 3D to obtain the localized information at the extrusion welding seam and to predict weld integrity. The relationship between the quality of extrusion welding and extrusion temperature for different heat treatments of 6xxxAluminum alloy was reported in literature. Zasadzinskiet. al. [4] as well as Chakkingal and Misiolek [5] evaluated extrusion welding using a special die and concluded that there was no direct correlation between welding temperature and the extrudates' mechanical properties. The strength of welds increased but would be generally weaker than the other part of the extrudate after heat treatments. Liu et. al. [6] verified the role of the extrusion temperature and determined it not to be a critical process parameter. They also stated that the effective stress cannot be assumed as the only parameter to determine the quality of the extrusion welds. According to Donati and Tomesani [7] , bending the extruded profiles and tearing the joints by inserting shaped wedges in the shape cavity are most commonly used methods to test the integrity of the extrusion welds. However, these destructive methods have a main disadvantage: they can only be utilized for dies, which have been already manufactured thus representing a typical trial and error method. For this reason, there is a need for a method for weld integrity prediction. Akeret proposed the maximum pressure criterion [3] , Plata and Piwnik followed up with a modified criterion under the assumption that the plastic deformation energy has the dominant effect on the welding quality [8] . The second criterion is employed in this work for data analysis and further verification.
The "Pressure-time" form of the Plata and Piwnik criterion is as dt COST.
(1) Where, t is the contact time, P is the normal pressure at the weld, is the effective stress and COST is a constant, which value assures sound extrusion welding. Donati and Tomesani [7, 9, 10] , introduced speed as a correction factor to the criterion proposed by Plata and Piwnik. As a result of that, the "Pressure-time-flow" form of the Plata and Piwnik criterion has been created and has the following form
Where, L is the path from the end point of the mandrel to the die exit. The COST item in equations (1 and 2) represents a threshold value to determine if the extrusion welding would take place. This value is varying because of different combinations of process parameters such as temperature, extrusion ratio (strain), ram speed (strain rate), as well as material properties such as flow stress and chemical composition.
Limited capabilities of DEFORM

TM
Despite of the fact that DEFORM TM is a well-accepted metal forming finite element method (FEM) software package and it has many advantages,it cannot predict extrusion welding, but also cannot collect the local state variable information at the welded area [11] .This limitation was discussed by Ceretti and Giardini [2] and they developed an automatic procedure algorithm which was implemented into DEFORM TM 2D software.However, their method only modified the simulation of the evolution of the welding seam and did not serve as a sensor collecting localized state variables. Figure1 illustrates the welds (circled areas) in simulated extrusion welding of a Magnesium alloy hollow shape. The metal streams contact each other in the die welding chamber, but flow as separate streams afterward instead of being bonded together. Because of that, the performed numerical simulation becomes not relevant to laboratory and industrial practices. Not only the modeling package does not predict welding to take place but also the simulation very often crushes in further steps. To overcome this software limitation, a new modeling method has been proposed, and it is discussed in following parts of this paper. 
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Progress in Extrusion Technology and Simulation of Light Metal Alloys
Magnesium Alloy AZ31. Magnesium and its alloys is one of the material candidates for automotive usage because of its physical properties: approximately two-thirds the density of aluminum, high strength, good weldability, and good damping capacity. However, two major shortcomings of Mg alloy, limited formability and low corrosion resistance need to be overcome. The selected Mg alloy for this study was AZ31 (3 wt%Al, 1 wt%Zn), which is one of the most popular magnesium extrusion alloys. Luo and Sachdev [13] discussed properties and processing of AM30, one of the latest Mg alloys, and compared it with AZ31. They stated that the increased zinc content in alloy AZ31 is the major difference between these alloys. Due to chemical composition change, the higher Zn alloy (AZ31) has higher strength at the expense of lower ductility. As a result of this, the expected extrudability of the alloy will most likely be lower. Table 1 shows chemical compositions for AZ31 and AM30 alloys. 
Physical Experiment and Numerical Simulation
"Double Hat" Extrusion Industrial Trail.The numerical simulation was ran in parallel to an industrial trail. The geometry of the extrudate was selected with crashworthiness studies in mind. Extruded profile is shown in Figure 2 , and corresponding extrusion die is presented in Figure 3 . During the extrusion process, the Mg alloy billet was divided into eight metal streams by the porthole die and then welded together in the die welding chamber into "Double-Hat" shape.
The details of the extrusion die are shown in Figure 3 , while weld locations in the profile are marked in Figure 4 . All the main settings and initial conditions of the extrusion industrial trail are presented in Table 2 . The sound "Double Hat" extrudates were obtained in industrial trail. The extruded profile has a perfect design for the extrusion welding analysis, because it contains eight extrusion welding seams, which are marked in Figure 4 and called: middle, angle, and edge. DEFORM TM 2Dsimulation-"Pressure Plate" method.Middle weld of the "Double Hat" profile was selected due to its less complicated geometry and potential higher accuracy in performed analysis of the weld formation. A new simulation method called "Pressure Plate" has been developed to solve the lack of extrusion welding predictions. During this special simulation process, a metal plate with very small thickness was employed as a sensor and placed in the location of extrusion welding. This "Pressure Plate" sensor performed as a data collector obtaining the local deformation information (temperature T, metal flow velocity v, normal pressure P and effective stress σ) of the weld throughout the entire extrusion process. Since the billet applies load on the pressure plate during the entire process hence it would experience applied stresses and eventual deformation. The Pressure Plate concept has been introduced in its two different forms (see Figure 5 ): the fixed plate and the flowing plate. As it is shown in Figure 5 (a), the fixed pressure plate was localized below the mandrel as its extension, and its top part was fixed at the mandrel tip. During the simulation process, this pressure plate was sandwiched between the metal streams in the exact position of a welding seam. The idea behind this type of pressure plate was to utilize it to record the localized parameters along the entire seam during the extrusion welding process. On the other hand, the flowing pressure plate, named after its function, was also introduced. This type of pressure plate was placed initially in the position where the metal streams begin to contact each other. The flowing plate is designed in such way that it would flow with the metal streams through the entire length of the welding chamber of the die. The original idea behind this type of pressure plate was to record data for a specific point of the extrudate at the welding seam as it is movingduring the entire process. Since the flowing plate keeps track of a certain point of the weld as it moves with the extrudate, analysis of the collected data would be a useful method allowing studying the formation and development of the weld during the entire extrusion welding process. The technical details of the both pressure plates are listed in Table 3 . The initial settings of DEFORM TM 2D for the simulation are presented in literature [11] . The billet diameter, extrudate dimensions and billet and tooling temperatures were set to match the conditions of the industrial trail.
The AZ31 billet was treated as a plastic object in the performed simulations. The initial temperature was set at 538 o C (1000 o F) for the selected alloy, which is 85% -89% of the 605 -630°C (1120 -1170°F) melting temperature range for this alloy [12] . The material data, which have been imported into DEFORM TM package were originally found in Barnett and Lapovok's work [14, 15] , and then supplemented with the data from Kuc and Pietrzyk [16] and De Pariet al. [11] . The flow stress curves for AZ31, presented in Figure 6 , were generated by DEFORM TM and based on the imported flow stress data from literature and then applied into the simulations. The entire tooling set consisting of container, port-hole die, and ram employed in the simulations were modeled as rigid objects.As a result of this assumption there was no tooling deflection present during the entire extrusion process. Material selection for the Pressure Plate is another key issue throughout the entire simulation. There were two main material candidates: 1) 1045 steel, because of its generalized utilization and broad range of mechanical properties in both elastic and plastic region; and 2) AZ31 alloy, because of its identity with the billet material. However as shown in Figure 6 , the material data for AZ31 are only valid for very limited strain range. Thus it was decided to use 1045 steel as a Pressure Plate material because of its known mechanical characteristics. The metal flow within the extrusion die as simulated in DEFORM TM 2D is shown in Figures 7 and8. The metal streams are not welded within the die as well as after the extrudate exits 
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Key Engineering Materials Vol. 491the die. The performance of the "Pressure Plate" was observed and analyzed in several simulations. A conclusion was made that the sensor function of the Pressure Plate performed satisfactory and as designed during the entire extrusion welding process.
Numerical Simulation with DEFORM TM 3D.The numerical simulations using DEFORM TM 2D were done as an initial step. Subsequently, another simulation of the "Double Hat" extrusion process has been established in DEFORM TM 3D. All of the initial settings were the same for DEFORM TM 2D and 3D simulations. The geometries and dimensions of all the objects (billet, container, ram, and port-hole die) were imported directly from the extrusion industrial trail. In addition, since the "Pressure Plate" would be modeled in 3D and then localized in the expected position of the weld, the width of the plate was selected to be as the same value as the thickness of the extrudate. The performed FEM simulations presented in Figures 7 and 8 show a metal flow for existing tool design. The objective of this work was not to optimize the die design and therefore the simulations show the optimal metal flow for existing conditions. The space behind the mandrel in reality is filled with metal, which forms a dead metal zone to optimize the metal flow under existing tooling and process conditions. 
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Results and Analysis
Validation of the Numerical Simulation Results. The FEM simulations are not error free due to model quality as well as certain process and material simplifications and approximations. Additionally, in order to achieve reasonable computing time the mesh size is very often compromised. Using basic calculation for the industrial trail parameters shown in Table 2 , it was determined that the maximum possible stress is 534 MPa for the given extrusion billet and press size. These simple and approximate calculations give us reference range for performed numerical simulations. According to the expression of Plata &Piwnik extrusion welding criterion, the effective stress, effective strain and normal pressure are three factors of the greatest importance for the quality of the extrusion weld.
Results and Analysis of DEFORM TM 2D Simulation with the Fixed Pressure Plate. Figures9  and 10 show the results obtained from DEFORM TM 2D simulation of extrusion welding with fixed pressure plate. The localized parameters, such as effective stress, normal pressure, and effective strain were generated during simulation process using flow stress values adjusted for temperature from Figure 6 . The X-axis is an extension of the mandrel along the extrusion direction. The marked regions in following figures are: dead metal zone behind mandrel (DMZM), effective welding chamber (EWCH) and the bearing land zone of the die (BL). One can easily notice that the maximum values for the effective stress and normal pressure (Figures9 and 10) are taking place within the welding chamber before the welded extrudate is flowing over the die's bearing land. It means that the metal streams divided by a die mandrel are in contact with each other in the welding chamber, which is just behind the mandrel's dead metal zone (effective welding chamber EWCH). Subsequently, the metal streams are compressed together with increasing pressure until its maximum value. From this moment, extrusion weld is created, and strengthened within the die welding chamber. The most important is the fact that according to Plata and Piwnik criterion presented in equation (1) the Normal Pressure is mainly responsible for successful welding and graph in Figure 10 supports that. This simulation is very meaningful for practical extrusion die design. The geometry and dimension of the welding chamber are always critical issues in the extrusion die manufacturing industry. Thus these kinds of numerical simulations, which were applied not only within the die but also for the entire extrusion welding process are good starting point for modification and optimization for extrusion die designing and consequently for the extrusion process. Figure 11 , the time periods during which the flowing plate travels through the effective welding chamber (EWCH) and the bearing land of the extrusion die (BL) can be estimated as: 4 seconds for welding chamber and 4 seconds for the bearing land. The following Figures 12 and 13 are representing the distribution of effective stress and normal pressure at the flowing pressure plate. The fourth order polynomial curve fitting has been used to show the trend of the data since there was a significant scatter of generated value points.The polynomial used to fit the effective stress data is: 
The time integration of term has been presented in Figure 14 according to the Plata &Piwnik criterion. Li et. al. also conclude in their work [17] that the ratio of the maximum normal pressure in the welding chamber to the effective stress on the welding plane relates directly to the quality of the longitudinal weld seams. This ratio remains almost constant along the whole length of the extrudate. This conclusion is validated partially by the graph in Figure 14 which shows an almost constant slope of the integration of the ratio . Consequently, the roughly estimated value of COST term in Plata &Piwnik criterion for extrusion welding can be read directly from Figure 14 : 
Conclusion
In this study, the conditions from industrial extrusion trail has been employed into numerical simulation to verify Plata and Piwnik extrusion welding criterion. The material data from as-cast homogenized AZ31 compression test flow stress have been collected from literature and employed into both 2D and 3D modeling. Based on the performed simulations the following conclusions can be made from the effort of this work:
1) DEFORM TM package has been successfully utilized sufficiently in the simulation of extrusion welding. The proposed method allows analysis of extrusion welding for specific Magnesium profile.
2) Two kinds of pressure plates have been defined as sensor and applied into DEFORM TM simulations.
3) In DEFORM TM 2D simulation, both fixed and flowing pressure plate simulation method have been achieved successfully. Showing location for maximum Normal Pressure, which according to Plata and Piwnik is responsible for successful extrusion welding.
4) The geometry of the effective welding chamber has been determined and marked as the region where extrusion welding mainly take place.
5)
Obtained simulation results can be used to optimize extrusion die design.
